Abstract III-nitride light-emitting diodes (LEDs) and laser diodes (LDs) are ultimately limited in performance due to parasitic Auger recombination. For LEDs, the consequences are poor efficiencies at high current densities; for LDs, the consequences are high thresholds and limited efficiencies. Here, we present arguments for III-nitride quantum dots (QDs) as active regions for both LEDs and LDs, to circumvent Auger recombination and achieve efficiencies at higher current densities that are not possible with quantum wells. QD-based LDs achieve gain and thresholds at lower carrier densities before Auger recombination becomes appreciable. QD-based LEDs achieve higher efficiencies at higher currents because of higher spontaneous emission rates and reduced Auger recombination. The technical challenge is to control the size distribution and volume of the QDs to realize these benefits. If constructed properly, III-nitride light-emitting devices with QD active regions have the potential to outperform quantum well lightemitting devices, and enable an era of ultra-efficient solid-state lighting.
Introduction
III-nitride light-emitting diodes (LEDs) have achieved impressive efficiencies with peak power conversion efficiencies (PCEs) of ß 84% [1] . As manufacturing volumes have increased they are becoming cost competitive with traditional lighting technologies [2, 3] . However, Auger recombination causes a phenomennon called "efficiency droop" where the radiative efficiency of III-nitride quantum well (QW) LEDs decreases with increased current [4] [5] [6] [7] , and consequently limits the peak PCE to low current densities (< 10 A/cm 2 ). The most effective method, to date, to mitigate efficiency droop is to shift the onset to higher currents by lowering the carrier density at a particular operating current. For a roughly fixed areal chip cost, LEDs operated at low current densities will produce fewer lumens per unit chip cost, hence there is tremendous economic incentive to mitigate Auger recombination and efficiency droop [8] . The current stopgap solutions all involve decreasing carrier density at a particular operating current by increasing active volume, but they all have fundamental limitations. For example, device emitting area can be increased [9] , but this increases the cost per LED. Or, for example, the thickness [10] [11] [12] or number of QWs can be increased [13, 14] , but short carrier Figure 1 Plot of (a) power conversion efficiency (PCE) vs. current density for a state-of-the-art (SOTA) LED [1] and LD [15] emitting at violet wavelengths. Plot of (b) the light output in lumens and luminous efficiency (lm/W E ) vs. input power for the same two devices. At current densities of 10 3 -10 4 A/cm 2 is the valley of droop. The blue stars highlight standard operating conditions of the LED, and the red circles are for a 500 lm pc-LD. Note that while the peak PCEs are far apart in (a) the peak lm/W E are much closer in (b) because of the input power scale and larger LED area (43 times).
current densities (kA/cm 2 ) where parasitic electrical resistive loss become substantial.
In other words, Auger recombination not only limits LED performance, but also LD performance. To illustrate this further, Fig. 1a shows PCE versus current density for a state-of-the-art (SOTA) LED [1] , and SOTA LD [15] both emitting at violet (405-415 nm) wavelengths. For LEDs, Auger recombination grows super-linearly with increased current density and dominates at high currents, relegating the peak PCE to low current densities (<10 A/cm 2 ). For LDs, Auger recombination becomes an appreciable fraction of the total current near threshold, causing a high threshold current density and high parasitic resistive losses, which in turn limits the peak PCEs of the LD. Between the PCE peaks is the valley of droop at mid-range current densities where both emitters are inefficient.
The different LD and LED PCE characteristics present different challenges when designing a SSL-grade whiteemitting source that can produce 500 lm or more. To demonstrate these challenges, Fig. 1b shows the light output (lumens) and luminous efficiency (output lumens over electrical input power, lm/W E ) versus input power of phosphorconverted versions of the LED and LD in Fig. 1a . Only a single LED and LD is shown and other device details are given in Table 1 . Also a simple "effective" phosphor and package efficiency of 250 lm/W (lumens of final white light produced per Watt of violet emitted) is used.
The SOTA LED [1] is typically operated at ß150 A/cm 2 or input powers of ß0.2 W, in order to have high luminous efficiencies of ß160 lm/W E (blue stars, Fig 1) . This produces only ß32 lm, and this is not enough for a single SSL-grade source. There are two options to remedy this problem. The first is to increase the number of LEDs. This is done in practice by the authors in Ref. 1, and 15 of them are connected in a series/parallel configuration to provide ß500 lm. Increasing the area of the chip is a similar tactic and also used [23, 24] , however, both increase costs. The second option is to drive a single LED at higher input powers. This aids in limiting costs, but Fig. 1b shows the lm/W E falls to unacceptable levels as the input power is increased. The peaking of LED PCE at low input power densities causes this luminous efficacy (lm/W E ) versus cost tradeoff. Shifting the peak PCE to higher input powers is critical for the advancement of LEDs for SSL. In contrast, the SOTA LD [15] operates more efficiently at higher input powers. The pc-LD would produce ß500 lm at 8.2 W (1.2×10 5 A/cm 2 ), but only have a luminous efficiency of ß60 lm/W E (red circles, Fig. 1 ). Adding more LDs and operating at lower input powers would only increase cost and marginally improve luminous efficiency. The SOTA LDs peak PCE is too low to compete with the LED operated at low input powers, and there is a need to increase peak PCEs of LDs for SSL.
Clearly, for both LD and LEDs, we need to improve efficiencies at the valley of droop or higher currents to further advance SSL. Transformational methods will need to be found to address the limitations imposed by Auger recombination. One possible approach is to use a new type of active region in III-nitrides to achieve drastic reductions in threshold carrier densities and increases in spontaneous emission rates. Such improvements are essential to improve higher current performance in both LEDs and LDs.
It has been recognized for some time that quantum dots (QDs) have benefits over QWs. For LDs, QDs can be used to achieve lower threshold currents due to higher gain and lower threshold carrier densities [25, 26] . For LEDs, the QDs higher spontaneous emission will counteract Auger recombination, and additionally there is experimental and theoretical evidence that QDs should have suppressed or completely inhibited Auger recombination [27] [28] [29] . QD active regions in LDs and LEDs could lead to more efficient sources in the valley of the droop and higher currents. While there has been some work on InGaN QDs with some impressive results [29] [30] [31] [32] [33] [34] , it is not clear what ultimate device efficiencies could be achieved using InGaN QDs in both LEDs and LDs.
In this paper, we explore InGaN QD active layers in both LEDs and LDs to determine their impact on efficiency. This paper is a corollary to Ref. 8 , that compares LDs LASER & PHOTONICS REVIEWS Throughout the paper, to determine possible phosphorconverted white LED and LD PCEs and light output, we use a simple "effective" phosphor and package efficiency of 250 lm/W. We conclude that the use of QDs in both LEDs and LDs has the potential to lead to record peak PCEs at higher current densities and hence at high white lumen output per unit cost. The key to realizing these improvements, however, is to develop synthesis methods to form QDs with the appropriate volume and size distribution. The ultimate goal of this work is to stimulate deeper investigation of InGaN QDs as a means to overcome Auger losses and enable ultra-efficient SSL.
Theory of laser diodes with InGaN quantum dots
When designing an emitter for SSL, the goal is to maximize the PCE (or wallplug efficiency) which is defined as the extracted optical watts per input power. The PCE of the LD (η PCE,LD ) can be expressed as four different efficiencies:
where η J is the joule efficiency, η inj the injection efficiency, the η stim stimulated efficiency, and η ext the extraction efficiency. The equations for the four individual efficiencies and the parameters that affect them are detailed in Ref. 8 .
To illustrate how these individual efficiencies, affect the PCE we plot in Fig. 2a the efficiencies versus current Figure 2 Plot of (a) efficiencies vs. current density for a stateof-the-art (SOTA) LD [15] . Plot of (b) power conversion efficiency vs. current density of an improved (Imp.) LD, a LD with 10 times (10x), and 100 times (100x) change in threshold carrier density (N tr ) and spontaneous emission rate (BN 2 ) . The N tr is higher while the BN 2 is lower. The improved LD has a reduced resistance and optical loss, and increased confinement. The lower N tr greatly reduces the threshold current and increases peak power conversion efficiency.
density of a SOTA violet LD (same as Fig. 1 ) [15] . The four efficiencies behave in different ways with respect to current density. The η inj for a LD operating above threshold can be assumed to be constant with current density, attributed to the carrier clamping at threshold [35] . The η ext , in general is also constant with current density. On the other hand, the η stim and η J are not constant and oppose one another. The η J is high at low currents and decreases with increasing current as resistive losses increase. The η stim , however, increases from zero after threshold, and then asymptotes to a maximum. Unfortunately, high η stim occurs only after resistive losses become a problem.
These two latter efficiencies thus define and bound the shape of the PCE versus current density curve. And, because the η stim increases only after resistive losses become a problem, lowering the threshold current density or decreasing the resistive losses would lead to dramatic increases in PCE. Possible improvements to LDs with a QW-based active region were analyzed in great detail in Ref. 8 . Using this analysis, the black line in Fig. 2b shows the PCE versus current density for a QW-based LD with improvements of 5 times for resistance and confinement factor, and 10 times for optical loss. There is a marked improvement in the peak PCE to ß70%. While a significant improvement, since threshold current densities have only been slightly reduced, it is ultimately still limited by resistive loss. For more dramatic reductions in thresholds and increases in PCE at lower currents, another path needs to be taken.
One such alternative path is to change the recombination physics within the active layer. This can be illustrated using the phenomenological expression for threshold current density, J th , in a LD [36] :
where t is the active layer thickness, A is the defect (Shockley-Read-Hall) recombination coefficient, B the spontaneous emission recombination coefficient, C the Auger coefficient, and N th the threshold carrier density. Normally, this expression is simplified so spontaneous emission is the dominant factor in J th . However, the large Auger recombination in III-nitrides requires us to also include the C N 3 th term which accounts for approximately half J th in blue LDs [8] . Keeping this in mind, to lower J th we need to not only lower the spontaneous emission rate at threshold, BN th 2 , but also the Auger recombination rate at threshold, CN th 3 . These rates are ultimately determined by bandstructure and electronic states. A lowering of the spontaneous emission rate is illustrated in Fig. 2b where we arbitrarily lower N th and increase B concurrently by 10 times (blue line) and 100 times (red line). These changes in N th and B are expected with QD active layers, as will be discussed further. The net result is a reduction in B N 2 th and dramatic reduction in the current densities at threshold and at peak PCE.
The A coefficient is also included in the model, but in state-of-the-art LEDs and LDs the AN term has become much smaller compared to the other two terms www.lpr-journal.org
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(BN 2 and CN 3 ). This is especially true when modeling the state-of-the-art LED and LD shown in Fig. 1 . Both use A = 2.2×10 5 s −1 , and the value is so small that it has little effect on the threshold currents or peak power conversion efficiencies. One could increase the A coefficient to see a larger effect, however the goal in this paper is to determine ultra-efficiency and use best-case values.
While this exercise of lowering the J th is quantitatively interesting we need to determine the magnitude of these changes with QDs. To accomplish this let us take a closer look at the gain of the QDs which is a determining factor of N th . For InGaN materials the peak gain, g, at a particular wavelength can be approximated by a linear function [37] :
where G 0 is the differential gain (dg/d N ), N is the carrier density, and N tr is the transparency carrier density. Transparency is achieved when the quasi-Fermi levels are separated enough to create population inversion (BernardDuraffourg Condition). At threshold, the gain equals the total losses, α, and:
Eqn. (4) shows that to decrease the threshold carrier density we need to lower the transparency carrier density or increase differential gain. These equations so far show that when designing a low threshold LD, what is critical is high G 0 , low losses, and low N tr . The advantages of higher G 0 and lower N tr can be achieved with QDs.
The first advantage of QDs is higher differential gain. To determine G 0 we use the gain spectra, g(hν), expressed as:
where, ρ r (E) is the density of states, f c is the conduction band occupation probability, f v the valence band occupation probability, and n is the quantum state number. The advantage of a QD active region is manifest in the density of states. The density of states for a QW is step-like versus energy, while density of states for the QD is a delta-like [38] . For ideal QDs, carriers are fed into nearly identical energy states which leads to an increase of G 0 . This increased G 0 will lower threshold carrier density (Eqn. (4)). The second advantage for QDs is the transparent carrier density, which is much lower compared to the QWs at the same quasi-Fermi separation and energy transitions. The carrier concentration for a QW, N QW is [38] :
where E fc is the quasi-Fermi level in the conduction band, E n is the energy of the n th state, and N 2D is the effective density of states for a QW. The carrier concentration for a QD, N QD , is much different, and can be expressed as [38] :
where G(E) is a Gaussian function representing the inhomogeneous broadening (QD energy distribution from varying sizes), m, n, and l are the quantum state numbers, and N 0D is the effective density of states for a QD. (The equations for hole concentration are similar). When comparing Eqns. (6) and (7) the magnitude of the carrier density is largely determined by the effective density of states. For InGaN QWs it is N 2D ß10 19 /cm 3 ,while for QDs it is N 0D ß10 17 /cm 3 for our chosen QD densities and thicknesses (see Table 1 ). Of course, the size of the QDs needs to be small to control the number of quantum states and ultimate carrier density For ideal QDs that are small (limited quantum states) and have low inhomogeneous broadening the result is extremely low threshold carrier densities.
We should note there is also a third advantage in wavefunction overlap for QDs. Overlap is contained within the gain expression, and we estimate it is ß0.15 and ß0.5 for an unscreened QW and small-sized QD emitting at ß407 nm, respectively. These values are for fully strained QDs, and some partial strain relaxation (not considered here) would lead to higher overlap. Increased overlap not only increases gain, but also spontaneous emission rate.
There is also an increase in the spontaneous emission rate for QDs. This is advantageous for LEDs, but for LDs it is a parasitic recombination process that increases threshold. The BN th 2 term in Eqn. (2) can be replaced with the total spontaneous emission rate at threshold, R th sp , determined the following way. The gain spectra and spontaneous emission spectra, R sp , are related by [38] :
where n is the optical index, and ω is the angular frequency. Integration of R sp over all energies at the threshold carrier density gives R th sp . Therefore, we can use the gain spectra to also determine the R th sp in the QDs. The equations and properties described above are well known from extensive and impressive QD research [25, 26, [39] [40] [41] [42] , and not intended to be presented as new. The goal of this section (and for modeling LEDs in section 4) is to present some theoretical background to give the reader a foundational understanding of the benefits of InGaN QD active layers and how they apply to designing light-emitting devices.
To perform the calculations below, we used a similar approach as Ref. 8 , using the additional equations presented above, and the parameters listed in Table 1 . The active layers are formed on the c-plane of GaN, and have barrier layers of GaN. The QDs are shaped as hexagonal pyramids, have {1011} side facets, and the base of the pyramid is larger than the top. To determine bandstructure and quantum states, effective masses for electrons and holes are inputted into a 3-dimensional Schrodinger-Poisson solver [43] . Many body effects, excitons, and strain relaxation are not considered in this analysis. However, we would expect higher performance, such as higher gain when including many body effects [33] , if these were included.
Efficiencies of InGaN QD-based laser diodes
We now compare the gain of a QD and QW active layer. Fig.  3a shows the gain spectra versus energy for a single QW and single layers of QDs at carrier densities greater than N th . Two different sizes of QDs are shown, labeled small and large, and the dimensions of the QDs are given in Table  1 . For the QWs and QDs the homogeneous broadening is 25 meV [44] , and the inhomogeneous broadening for the QDs is 5 meV. While this inhomogeneous broadening is small, we will show it is necessary to achieve the ultimate improvement in threshold currents and PCE. The density of states for the QDs results in narrower gain spectra. For the large QDs the gain is shared with the many quantum states at multiple energies, while for the small QDs, the second energy transition is further away in energy and most of the carriers and gain is present in the lowest energy transition at the given carrier density.
As discussed above, the QD has a profound effect on G 0 and N tr resulting in a lower threshold carrier density. Fig. 3b shows Therefore, we should expect a large decrease in threshold currents for QDs layers. It should be noted that the QDs saturate due to the limited number of quantum states. Therefore, to achieve enough gain either more than one QD layer or a larger QD density is required. The large QDs exhibit a saturation, followed by an increase in gain caused by the filling of the second favorable energy transition.
Up till now we have only considered low (5 meV) inhomogeneous broadening. The impact on differential gain on the full-width at half-maximum (FHWM) of the inhomogeneous broadening for the small quantum dots is shown in the inset of Fig. 3b . As the FWHM increases the differential gain decreases. There is steep drop-off in differential gain at ß10 meV, and the differential gain at 5 meV is 7 times larger than at 100 meV. This translates into a 7 times difference in the threshold carrier density. This plot illustrates how critical it is to control the inhomogeneous broadening within the QD layers.
The lower threshold carrier densities of the QDs have a big impact on the PCE. Fig. 4a shows the PCE versus current density for a QD-based LD with 6 layers of small QDs at a density of ß7.2×10 10 cm 2 . The SOTA QW-based LED (from Fig. 1a ) and improved QW-based LD (from Fig. 2b ) are included for comparison. The threshold current density of the QD LD is ß170 A/cm 2 , over an order of magnitude lower than the improved QW-based LD. The peak PCE is ß80% at ß5.7 kA/cm 2 which is a much lower current density for peak PCE and rivals the peak PCE of the LED. The large reduction of threshold currents goes a long way to filling the valley of droop. Fig. 4b shows the light output (lumens) and luminous efficiency (lm/W E ) versus input power from these sources. The peak luminous efficiency of the QD-based LD is at an input power of 0.2 W, similar to the operating currents of the STOA LED, but provides ß40 lm compared to ß32 lm for the LED. More interesting is at an input power of 3 W the QD-based LD has an output power of ß500 lm and a luminous efficiency of 165 lm/W E . This luminous efficiency is approximately the same as the LED operated at an input power of 0.2 W, but this single LD achieves the 500 lumens needed for SSL-grade source. However, the advantage of the QD active layer decreases as the QWbased LD performance converges at higher input powers. This convergence is due to resistance that dominates for both at higher current densities. If such performance can www.lpr-journal.org be achieved, then additional steps will need to be taken to reduce resistances for further improvements.
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Theory of light-emitting diodes with InGaN quantum dots
To model the PCE of LEDs we use a similar methodology. The PCE for LEDs, η PCE,LD , can also be separated into four different efficiencies [8] :
where η rad is the radiative efficiency. While the subscripts of the other three efficiencies are identical to the LD, the expressions can be different. The equations for the individual efficiencies and the parameters that affect them are detailed in Ref. 8 .
To illustrate how these individual efficiencies affect the PCE we plot in Fig. 5a the efficiencies versus current density of a the SOTA LED [1] . Just like the LD, the η ext is approximately constant with current density. The η inj can have a dependency on current density [45] , but this value is relatively high at low operating current densities for opti- mized structures. In the present analysis, we have assumed a constant η inj versus current density by assuming an optimized heterostructure design. The η rad and η J , on the other hand, decrease as the current density increases. For η J , the culprit is resistive losses which increases as the current density increases. The η rad also decreases with current density due to a rapid increase in Auger recombination. These two efficiencies cause the decrease in η PCE,LD with increasing current. Reducing resistances and improving radiative efficiencies will lead to improved PCE at higher currents. Here, we concentrate on how the η rad can be dramatically improved by employing QDs.
To change the radiative efficiency of an LED we need to affect the recombination physics within the active layer. The radiative efficiency of an LED can be phenomenologically expressed as:
The AN, BN 2 , and CN 3 terms are approximations of Shockley-Read-Hall, spontaneous emission, and Auger recombination rates, and in reality, these rates can stray from their constant power dependencies. One way to approximate this change is to express the coefficients as functions of N [46] . For example, C could be expressed as:
where N* is a fitting parameter. At the large current densities and the low defect densities of interest the AN term is low and can be ignored. The other two terms, BN 2 and CN 3 dominate η rad . To increase η rad one needs to increase the ratio of spontaneous emission rate over Auger recombination rate. Prior analysis of potential improvements in QW-based LEDs showed that standard methods to improve BN 2 , such as non-c-plane crystal orientations or thinner quantum wells leads to improved wavefunction overlap and higher BN 2 , but also a higher CN 3 [47] . An ideal solution would be one where the spontaneous emission rate is increased while the Auger recombination rate is decreased. This method is shown in Fig. 5b where the B coefficient is increased and C coefficient is decreased arbitrarily by factors of 10. Such changes in the two rates creates the expected large improvement in radiative efficiency and a shift of the PCE to higher current densities. We will show these changes in the recombination rates could be possible with QDs.
While the prospect of increasing spontaneous emission rate while decreasing Auger recombination rate is interesting, we need to determine if this is possible with QDs. First, we start with the spontaneous emission rate. The BN 2 term in Eqn. (10) can be replaced with the total spontaneous emission rate, R t sp , which is the integration of Eqn. (8) at various carrier densities. QD active regions are expected to have an advantage in spontaneous emission rates, because the increases observed in gain are translatable to R t sp . So, the higher density of states and wavefunction overlap also contribute to a higher spontaneous emission rate.
The change in the Auger recombination rate for QDs is a bit more complicated to determine. In Auger recombination, four states and three carriers participate in the process. The third particle (either electron or hole) receives the energy released from the recombination of the first two particles, promoting it to a higher energy state. Therefore, the bandstructure over a large k-space and large energy span needs to be accurately known. Once the bandstructure is determined, the states that satisfy energy and momentum conservation are used in Fermi's Golden Rule to estimate Auger recombination. Such calculations are difficult to undertake, difficult to determine validity, and are beyond the scope of this article.
To estimate Auger recombination rates in InGaN QDs we will leverage the sparse amount of literature on the subject. While it has been argued that the improved wavefunction overlap in InGaN QWs will not only lead to higher spontaneous emission but also Auger recombination [47] , this may not be the case in InGaN QDs. Some theoretical work suggests the strong optical confinement in QDs will begin to limit the available states for the Auger carrier [28] . In fact, one argument is the recombination energy cannot be transferred to a bound energy state [27] . Therefore, if the energy barriers surrounding a QD are large enough, Auger recombination could be completely suppressed. While Ref. 27 did not consider III-nitride semiconductors, these barriers could possibly be accomplished with InGaN QDs using AlN or very high Al composition AlGaN barrier layers. Such theoretical predictions are compelling enough to warrant experimental verification.
There is some experimental work that suggests Auger recombination is decreased in semiconductor QDs, with Auger recombination rates of QDs from various materials decreasing with size [48] , and smaller C coefficients measured for InGaN QDs [29] . In Ref. 29 a C 0 of ß10 −33 cm 6 /s was measured, which is ß100 times smaller than measured for InGaN QWs [4, 6] . As long as the decrease in Auger recombination rate is not accompanied with a similar decrease in spontaneous emission rates, then an increase in η rad should be expected.
Efficiencies of InGaN QD-based light-emitting
We now compare the PCE of the SOTA QW-based LED [1] to a QD-based LED only considering the small QDs. Fig. 6 shows the total spontaneous emission rate (R t sp ) for the QWs and QDs with increasing carrier density. The QDs have higher spontaneous emission at carrier densities of 10 16 -10 19 cm −3 . These carrier densities translate into current densities in the range of 0.05 -3000 A/cm 2 using the chip areas and other recombination rates considered in this paper. The QDs have a more rapid increase in spontaneous emission at low carrier densities with an expected saturation at ß5×10
17 , similar to the gain. However, the LEDs can operate at higher carrier densities than LDs, and at ß1×10 18 cm −3 there is a kink in the spontaneous emission curve due to carriers populating the second energy transition. This second transition is not considered as a parasitic recombination path because the produced photons can be used to pump phosphors, so it is included in the total spontaneous emission rate. We can now explore how the higher R t sp for QDs and different Auger recombination rates impact PCE. Fig. 7a shows the PCE versus current density for QD-based LEDs with various rates and the SOTA QW-based LED. The QDbased LEDs use the calculated R t sp while the SOTA QWbased LED uses the fitted BN 2 . All the QD based LEDs have higher PCE, because of the higher spontaneous emission rate. For the QD LED (blue line) the C 0 coefficient is held constant at 10 −30 cm 6 /s, or raised and lowered by 10 times, and surprisingly all three Auger recombination rates produce the same PCE curve. This shows the high R t sp diminishes the effect of the Auger recombination rate. With high R t sp , the decrease in PCE at high current densities is now dominated by series resistance. The highest PCE curve (red line) includes an additional reduction in series resistance by 10 times. This analysis shows that if such QDs LEDs can be realized, series resistance will become the limiting factor in PCE.
The improvements in PCE will result in higher efficiency pc-LEDs. Fig. 7b shows the light output (lumens) and luminous efficiency (lm/W E ) versus input power from these sources. The QD-based LEDs have the desired higher luminous efficiency at higher input powers. The high efficiency curves suggest that 200 lm/W E could be achieved for input powers up to 1 W, even without further improvementin series resistance. For the QD LED with low series resistance (red lines) ß500 lm at ß170 lm/W can be achieved at an input power of 3W. Surprisingly this is similar to the performance achieved by the QD-based LD shown in Fig. 4 .
Finally, we compare the pc-LED and pc-LD results by plotting in Fig. 8 the phosphor-converted versions of the highest performing QD LD from Fig. 5 and QD LED from Fig. 7 . With the improvements considered in this paper, the QD LED and LD have nearly similar performance at input powers from 0.1W -4W. The performance diverges at 4W where the light output of both decrease because of series resistance, and the LD outperforms the LED. While there has been growing interest in lasers for SSL, this work suggests that QD active layers could also be very beneficial to LEDs, and maybe the best way to overcome Auger recombination. Of course, these calculations need to be verified with experimental data to determine validity. Subtle changes to the gain and spontaneous emission rates will change the PCEs for both the LD and LED.
Future research in InGaN quantum dots
The potential for high performance of QD-based LEDs and LDs make a compelling case for future investment in III-nitride QDs research. However, to achieve high performance in the modeling we used nearly ideal QDs with low inhomogeneous broadening (5 meV), small sizes (4 nm base width) and fairly high QD density (7×10 10 cm 2 ). These parameters were chosen to ensure high gain and differential gain for LDs, and high spontaneous emission rate for LEDs. Such QDs are difficult to synthesize, not only in InGaN semiconductors, but in all semiconductors. Larger QDs and larger inhomogeneous broadening will only reduce performance. Therefore, to realize the QD-based LD and LED performance discussed above, we will need to devise ways to achieve nearly ideal QDs.
The most successful method to produce InGaN QDs is Stranski-Krastanov (SK) growth [49] [50] [51] . This synthesis method can produce QDs with enough gain for LD operation [31, 52] , however the inhomogeneous broadening is large (ß50-100 meV) and QD sizes can be large (up to 40 nm width). Additionally, the QD densities are modest at ß3-4×10 10 cm 2 . While this slightly lower density can be overcome by increasing the number of QD layers, confinement factors will decrease and detrimentally impact efficiency.
One potential method to create QDs with low inhomogeneous broadening, smaller QD sizes, and higher QD densities is quantum-sized controlled photoelectrochemical etching (QSC-PEC) [53] [54] [55] . In QSC-PEC, an initial QW or large-scale nanostructure is PEC etched using abovebandgap laser light for photoexcitation. Initially, the nanostructure absorbs the laser light, is oxidized by photoexcited holes, and etched by the electrolyte solution. As the nanostructure reduces in size from etching, the absorption edge blue-shifts due to quantum confinement. Ultimately, the QD can no longer absorb the laser light, resulting in a selfterminated etch at a precise final size that is determined by the laser wavelength. This approach results in controlled ensembles of QDs with low inhomogeneous broadening (PL FWHM = 6 nm), small sizes (width ß2.5 nm), and high QD densities (ß1×10 11 cm 2 ) [56] . While this method is an interesting way to synthesize QDs, further development is necessary to ensure the QDs are not compromised by the etch process, and methods need to be devised to create multiple layers of QDs.
Further research is necessary to narrow or eliminate the gap between the properties of the today's uncontrolled experimental InGaN QDs (with large size distribution and low density) and the theoretically-predicted attractive properties of controlled QDs. SK growth has the longest research history, but has not yet produced QDs with the necessary controlled specifications. QSC-PEC is promising, but this method is new and there are many open questions that need to be researched to determine if it is a viable method. It is also very possible that some other method will be necessary. Clearly this is a challenging synthesis problem that warrants further investigation. Finally, in the theoretical analysis we have assumed that the injection efficiency of the QD-based emitters is as high as the QW-based emitters. However, the QDs do not fill the entire injected area, and one could expect that carriers could be injected through the gaps in the QD layer. This is a problem for devices in other material systems and some solutions have been identified. One solution uses QWs within the device structure to capture carriers [57] [58] [59] . These carriers then are injected into the QDs via tunneling. Another possible solution is to increase the QD active volume by maximizing the fill factor of the QDs or increasing the number of QD layers to give the carriers enough chances to be captured within the QDs.
Summary
We have demonstrated that QDs are an attractive alternative to QWs, in both LEDs and LDs, to overcome Auger recombination and increase PCEs at higher input powers. In LDs, the QDs lead to lower threshold current densities, lower threshold currents, and higher PCEs. More specifically, we model threshold current densities of ß170 A/cm 2 and peak power conversion efficiencies of ß80%. In LEDs, the higher spontaneous emission rates lead to higher PCEs at higher current densities. Our modeling predicts peak power conversion efficiencies of 90% at low current densities (1 A/cm 2 ). Additionally, Auger losses are minimized and the decrease in power conversion efficiency at higher current densities is only due to resistive losses. When comparing the performance in phosphor-converted architectures, the LD and LED surprisingly perform similarly with luminous efficiencies of ß170 lm/W at an input power of 3 W. The challenge going forward is to find methods to synthesize QDs to meet the required sizes, inhomogeneous broadening, and densities. If successful, III-nitride lightemitting devices with QD active regions have the potential to outperform QW light-emitting devices, and enable an era of ultra-efficient SSL.
